Ferromagnetic imprinting of spin polarization in a semiconductor 
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We present a theory of the imprinting of the electron spin coherence and population in an n- 
doped semiconductor which forms a junction with a ferromagnet. The reflection of non-equilibrium 
semiconductor electrons at the interface provides a mechanism to manipulate the spin polarization 
vector. In the case of unpolarized excitation, this ballistic effect produces spontaneous electron 
spin coherence and nuclear polarization in the semiconductor, as recently observed by time-resolved 
Faraday rotation experiments. We investigate the dependence of the spin reflection on the Schottky 
barrier height and the doping concentration in the semiconductor and suggest control mechanisms 
for possible device applications. 
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The physics of the semiconductor/ferromagnet inter- 
face is a crucial issue in the emerging field of spin elec- 
tronics [Q. Progress has been made in injecting polarized 
electrons from ferromagnets ||, ^, ^ or semimagnetic 
semiconductors @, |[ ^ into semiconductors, an es- 
sential step towards the exploitation of the spin degree 
of freedom in a new generation of multifunctional de- 
vices. Recently, time-resolved optical Faraday rotation 
measurements have demonstrated that the presence of 
a ferromagnetic interface [|o[ |ll) can produce sponta- 
neous electron spin coherence and large nuclear magnetic 
fields in the semiconductor. Moreover, the spin-polarized 
photocurrent from a semiconductor into a ferromagnet 
[ p2| , [T^ has been shown to vary with optical polariza- 
tion. We report here a theoretical study of the spin 
reflection of non-equilibrium electrons at the semicon- 
ductor/ferromagnet interface. Our results show how (1) 
unpolarized electrons in the semiconductor are sponta- 
neously polarized and (2) a pre-existing spin polarization 
vector is tilted. The underlying physics is reminiscent of 
the Mott scattering of electrons with atoms via spin- 
dependent interaction. 

Our theory is based on the general scattering theory 
of the electron spin density matrix [Q. In particular, we 
focus on tunneling through an insulator layer p^ , or 
a Schottky barrier [jl^ . The source of the electrons may 
be electrical or optical. The non-equilibrium carriers pro- 
duce a spin current into the ferromagnet during the short 
momentum relaxation time following a pulsed excitation. 
This ultrafast ballistic process leaves a net spin coherence 
and population in the semiconductor. We show how to 
extract from the time-resolved Faraday rotation the bal- 
listic spin transport properties of the semiconductor/ fer- 
romagnetic junction and predict the dependence of the 
imprinted spin on the system parameters. 

The Hamiltonian for the semiconductor/ferromagnet 
junction (see Fig. [|a-b). 



H = K + V{x) + ^MBT • BTe(- 



-aMe(x), (1) 



consists of: the kinetic energy K for the conduction 
band on the semiconductor side and two spin bands 



with exchange splitting A in the ferromagnet; the Schot- 
tky barrier potential V{x); the Zeeman energy in the 
semiconductor where g* is the effective electron g-factor 
(foaAs — —0.44), the Bohr magneton, and <t the vec- 
tor of Pauli matrices. The total field Bt is the sum 
of the apphed field B and of the local field Bn due to 
the nuclear polarization, ctm is the Pauli matrix in the 
magnetization direction and O is the step function. The 
orbital effect of the weak magnetic field is neglected. 

The contribution to the spin polarization by the va- 
lence holes can be neglected since the hole spin relax- 
ation time is much shorter than the optical recombina- 
tion time Tree due to spin mixing in the valence 
bands by the spin-orbit interaction[p9[. The spin de- 
phasing time of the conduction electron in n-doped sam- 
ples is shown to be much longer than the recombina- 
tion time ||2^. Because of the dominant role of the 
magnetization in the ferromagnet, we denote the ma- 
jority and minority spin states by |-f) and |— ) respec- 
tively. These states are eigenstates of the ferromag- 
netic exchange splitting operator, namely (TM|i) = T|i) 
(note that the magnetization M is antiparallel to the 
net electron spin S^™). The spin-dependent reflection 
of the semiconductor electrons at the ferromagnetic in- 
terface is represented by the reflection matrix r(k) in 
the electron spin space. In the ferromagnetic spin basis 
{|— ), the reflection matrix has the diagonal repre- 
sentation f(k) = |— )?'-,k(— I + |+)''+,k(+|, where r_^k 
(r+.k) is the reflection coefficient for a semiconductor 
electron spin aligned with the ferromagnet minority (ma- 
jority) spin band. This diagonal representation in the 
ferromagnetic spin basis is exact only if the semiconduc- 
tor magnetic field Bt is parallel to the magnetization 
M. However, the exchange splitting A in a ferromag- 
net is typically several orders of magnitude larger than 
the semiconductor Zeeman splitting. We have verified 
explicitly that the effect of the magnetic field Bt on the 
spin-dependent reflection matrix is negligible. Also, the 
effective magnetic field due to the lack of the inversion 
symmetry (the Rashba effect) is negligible here. For ex- 
traction of the spin polarization, it is convenient to ex- 
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(a) Optical excitation (Voigt geometry) (d) Reflection after electrical injection 
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(c) Geometry of the spin polarizations 





FIG. 1: Counterclockwise: (a) Sketch of the semiconduc- 
tor/ferromagnet junction excited by a hght beam in Voigt 
configuration, (b) Schematic band diagram for the reflection 
and transmission of a semiconductor electron in the major- 
ity spin channel (1+) is the spin state of the ferromagnetic 
majority band). For the minority spin band the diagram is 
analogous, but with a different Fermi velocity, (c) Geometry 
involved in the ferromagnetic imprinting when the pumped 
electrons have a spin polarization P'. The polarization of the 
reflected electrons will have also a component along M x P', 
i.e. orthogonal to the ferromagnet magnetization and the in- 
cident polarization (see Eq. IXn))- When P' = 0, the imprinted 
spin is directed along M. (d) Sketch of electrical device where 
ballistic electrons are injected though lateral contacts. 



press the reflection matrix in the form 

f(k) = i (r_,k + r+,k)l + {r-M ~ r+,k)M • a 



(2) 



where 1 is the unit matrix and M is the unit vector along 
the magnetization. 

Consider the excitation of the n-doped semiconductor 
by a short optical pulse. Immediately after the light ab- 
sorption, the excited electron spin density matrix on the 
semiconductor side is p'(k, t = 0) = /'(A;)i(l + P' • cr), 
where /'(fc) is the non-equilibrium electron distribution 
injected by the exciting laser. The polarization vector P' 
depends on the optical selection rules. Since the pump 
has injected electrons, there will be an electron current 
(per unit area) from the semiconductor into the ferro- 
magnet, 



fcx>0 



^[p'(k,i)-p'-(k,i)]«„ 



(3) 

where = hk^jnis is the velocity component normal to 
the interface. The reflected density matrix is given by 

p'-(k,t) = f(k)p'(k,i)ft(k) (4) 

= f(fc,<)i[i?o(k)l+R(k).^], (5) 



where, with the k-dependence understood, 
i?o = i[(|r_p + Kn + (|r_p-KnM.P'], (6) 



R = \\{V-\^-\r, 



-f Re(r_r:^) (M x P') x M - Im(r_r:^) M x P'. 

(7) 

The time-dependence of /3'(k,i) is dominated by the re- 
laxation of the hot carrier distribution /'(A;,t). The spin 
precession due to a weak applied magnetic field and spin 
relaxation occur on a much longer time scale compared 
to the fast orbital relaxation. In the relaxation time ap- 
proximation, the decay of the non-equilibrium electron 
population is /'(fc,t) = /'(A:) exp(— t/r^), yielding a sim- 
ple expression for the surface spin density imprinted in 
the semiconductor, 



fex>0 



d^k 

(2^ 



!\k) [R(k) - P'] Tkv, . (8) 



After the transient, the surface spin density inherited by 
the n-doped semiconductor is S*°* — n'^ L !^ + S'' 

where — J -^^f\k) is the volume density of pumped 
electrons and L is the sample length. Of course, this 
holds when is smaller than the doping density n (acting 
as a spin reservoir) and when L is larger than the mean- 
free path. In fact, for very thin samples, our treatment 
needs to be refined to account for multiple reflections. 

In the following, we will consider separately the two 
cases of spin unpolarized and polarized excitation. 
(i) Unpolarized excitation 

The injected electron ensemble is unpolarized (P' ~ 0). 
Reflection from the ferromagnet results in a net spin sur- 
face density. 



4 "'fex>0 l^"'-' 



(9) 



The amplitude of the imprinted spin in the semiconduc- 
tor is determined by the difference between the spin- 
dependent reflectivities. For each momentum channel the 
mean free path is TkVx- Finally, S'^ is aligned either par- 
allel or antiparallel to the ferromagnetic magnetization 
M, depending on the interface properties, which will be 
shown below. 

In an applied magnetic field B, the Larmor precession 
of the imprinted spin polarization is given by dtS{t) = 
j-g*^Q'BT X S{t) — ijr S{t), where T2 is the spin relax- 
ation time and the initial condition is S(< « 0) = S''. 
The total field Bt = B -|- Bn contains the local con- 
tribution Bn due to the nuclear polarization pl|] where 
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Bn (g*/|5*|)(S'^ ■ B) The imprinting of the 

nuclear spins also affects the effective Larmor preces- 
sion frequency = 3*Mb(^ + B^)!'^ |Q which can 
be measured by the time-resolved optical Faraday ro- 
tation The Faraday rotation of a linearly po- 
larized probe beam is proportional to the component 
of the net electron spin along the direction of the pho- 
ton wave-vector kphot in the medium, i.e. FR(t) ~ 
S(t) • kphot /fcphot- Now, consider the Voigt geometry 
with light propagating along the x direction and mag- 
netic field in the z direction. Let the ferromagnetic 
magnetization be in the interface plane at an angle a 
to B (i.e. M = M(0,sina,cosa)). Since g* < 0, 
the nuclear field is ~ ((|r+p — |r_ ^ 
The spontaneous Faraday rotation is 



TVj;} COS a. 
FR{t) 



((|r_p — |r+p) r-y^;) sinQ!sin(r2it)e~*/"^^. Therefore, for 
a = the nuclear imprinting is maximum while there 
is no spontaneous Faraday rotation. On the other hand, 
for a = 7r/2, the nuclear field vanishes while the spon- 
taneous coherence has the maximum amplitude. More- 
over, the Faraday rotation oscillates in time as sin(f2it). 
These trends are in perfect agreement with the experi- 
mental observations JlO| , pT| . The theory predicts similar 
spin polarization effects when an unpolarized current is 
injected electrically, for example through a ballistic V- 
groove with non-magnetic contacts as shown in Fig. |l|d. 
(ii) Polarized excitation 

When the excited electron population has a pre-existing 
spin polarization (P' ^ 0), the current in the semicon- 
ductor is changed by the spin polarization and the spin 
polarization is altered. In addition to two components 
in the plane defined by the magnetization and initial po- 
larization vectors, there will be an additional component 
normal to the plane [cf. Eq. (^], as shown in Fig. Ic. Ev- 
idence for polarization-dependence of the ferromagnetic 
imprinting has been reported in Ref. 11 , Additional stud- 
ies as a function of the relative orientation between M 
and P' will be needed to test the dependence predicted 
in Eq. (^. Such a change of the spin polarization direc- 
tion could provide a mechanism for the manipulation of 
the semiconductor spin polarization vector. 

For the phenomena discussed above to be measur- 
able, the spin-dependence of the reflection coefficients 
need to be sufficiently strong. We point out that since 
the transmittance |fp ~ 1 — |rp in either direction 
through the barrier is the same, reflection in the semi- 
conductor is no more efficient in creating spin polariza- 
tion than injection from the ferromagnet. To investi- 
gate the dependence on the parameters of the Schot- 
tky barrier, we calculate the spin-dependent reflection 
coefficients for a simplified model of the semiconduc- 
tor/ferromagnet junction. We consider first a rectangular 
barrier V{x < 0) = UhQ{x + a) — Es&{—x — a), where Uh 
is the barrier height measured from the Fermi level and 
Eg = ?i^(37r^n)^/'^/(2rns) is the kinetic Fermi energy of 
the n-doped semiconductor. The spin-dependent reflec- 
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FIG. 2: (a) Contours of Ir'-.kP — k+.kP as a function of 
the doping density n (log scale) and the Schottky barrier 
height Uh (log scale). For each density, k is taken along 
the x-direction with amplitude (Sn^n)^^^, the Fermi wavevec- 
tor in the n-semiconductor. The semiconductor parame- 
ters are those of bulk GaAs. Ferromagnet Fermi velocities: 
= 9.4 X lO^cm/s, v^J^ = 4.6 x lO^cm/s (corresponding 
to two exchange split parabolic bands with Ef — 2.5 eV, 
A = 1.9 eV and free-electron mass). At the white-dashed 
line, |r_,kp — I'^+.kP changes sign, (b) Contours of Im(r_r+). 
Im(r_r!|_) has always the same sign. 



tion coefficients are 



r±.k 



where v^^ is the Fermi velocity (along the x-direction) of 
the majority (minority) band in the ferromagnet. In the 
simplified case of two parabolic bands, v^f" = \J2Ef Ivniya 



fm 



> V. 



fm 



and v^™ = \j2{Ep — A)/mfm, implying that v 
Note that a non-parabolic band dispersion can lead to an 
opposite relationship, i.e. w^J" < w^!". The wave- vector 



/cb — \l'2.ms {Uh + Es)/h — fcx is that of the evanescent 
wave in the barrier region and Vh = hkh/mg- Finally, 
Vx = hk-x^/rris is the incident velocity in the semiconduc- 
tor. A more realistic Schottky barrier is represented by 
a parabolic bent potential V{x) (see Fig. lb) with de- 
pletion layer d « eoUh/i^nne^) where eo the dielectric 
constant. To improve our estimate, for each value of 
we approximate the reflection coefficients by taking an 
effective rectangular barrier width a — a(fcx) such that 
the action integral in the barrier region is the same. 

Representative results for realistic material parame- 
ters are plotted in Fig. || Panel (a) shows contours of 
|r__kP — I'^-i-.kP as a function of the doping density n 
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and the barrier height Ub- In the region where tunnehng 
is significant, the predicted difference between majority 
and minority reflectivities can be 25 % (the polarization 
is actually large also when tunneling is small ) . When 
^ is positive (negative), the imprinted spin 



S'' is parallel (antiparallel) to the magnetization M in 
the ferromagnet. For vanishing barrier height and low 
doping, the transmittance into the ferromagnet is dom- 
inated by the spin channel with the lower ferromagnet 
Fermi velocity, allowing a better matching with the small 
semiconductor velocity. However, with increasing dop- 
ing, the semiconductor velocity increases and eventually 
can match better the ferromagnet spin band with the 
larger velocity. This is the reason for the change of sign 



of |r_.wP 



k| a-s a function of doping in the low bar- 



rier region. When the barrier height is large enough, the 
velocity matching is not the only relevant feature. In- 
deed, for moderate doping a barrier increase can induce 
a change of sign of l^-^kP — k-i-.kP in analogous way to 
what is predicted for ferromagnet/oxide junctions 
This prediction suggests that by using a forward bias 
(i.e., semiconductor Fermi level higher than that in the 
metal) to tune the semiconductor barrier Uh, the sign 
and amplitude of the imprinted spin could be controlled. 

Actually, different spin orientations with different ma- 
terials have been observed experimentally In a 
GaAs/MnAs heterojunction, S"^ has been found to be 
antiparallel to M, while for a GaAs/Fe system the 
spin is parallel. Recent transport characterizations of 
GaAs/MnAs suggest that the Schottky barrier in this 
system can be very low, allowing nearly ohmic conduction 
[ 24 1 and significant spin valve effect in trilayer structures 
[ 25|. In the case of iron, the barrier is quite high (0.7 eV) 
and thus our model predicts an imprinted spin parallel 
to M as observed . The relatively high efhciency ob- 
served in the case of the iron junction at very low doping 
density (« lO^^cm^"^) jll) may be due to the very thin 
GaAs active region {L — 100 nm) of the investigated 
sample. The effects of finite size on the Schottky barrier 
and of multiple electron reflections could significantly en- 
hance the spin reflection efficiency, an issue under current 
investigation. To complete our study. Fig. 2b depicts the 
contours of Im(r_r^), representing the amplitude of the 
component of the imprinted spin along M x P* (see Eq. 
(^) which we predict to occur when the excited electrons 
are already polarized (P* ^ 0). 

In conclusion, we have presented a ballistic theory 
for the ferromagnetic imprinting of the spin coherence 
and population in an n-doped semiconductor following 
pulsed excitation. We have given an analysis of the op- 
tical pumping and the all-optical detection of spin trans- 
port through the time-resolved Faraday rotation, giving 
a framework for the interpretation of recent experiments 
|ll|| . We suggest that an electrical tuning of the 
Schottky barrier could allow for control of the sign and 



amplitude of the imprinted spin. For the possibilities of 
device applications, generation of spin currents and re- 
orientation of the spin polarization are predicted also for 
electrical excitation of non-equilibrium electrons in the 
semiconductor using traditional non-magnetic contacts. 
Detailed studies of particular systems and quantitative 
comparison with experiments will be given elsewhere. 
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